Abstract. In a mouse tumour model for hereditary breast cancer, we previously explored the anti-cancer effects of docetaxel, ritonavir and the combination of both and studied the effect of ritonavir on the intratumoural concentration of docetaxel. The objective of the current study was to apply pharmacokinetic (PK)-pharmacodynamic (PD) modelling on this previous study to further elucidate and quantify the effects of docetaxel when co-administered with ritonavir. PK models of docetaxel and ritonavir in plasma and in tumour were developed. The effect of ritonavir on docetaxel concentration in the systemic circulation of Cyp3a knock-out mice and in the implanted tumour (with inherent Cyp3a expression) was studied, respectively. Subsequently, we designed a tumour growth inhibition model that included the inhibitory effects of both docetaxel and ritonavir. Ritonavir decreased docetaxel systemic clearance with 8% (relative standard error 0.4%) in the co-treated group compared to that in the docetaxel only-treated group. The docetaxel concentration in tumour tissues was significantly increased by ritonavir with mean area under the concentration-time curve 2.5-fold higher when combined with ritonavir. Observed tumour volume profiles in mice could be properly described by the PK/PD model. In the co-treated group, the enhanced anti-tumour effect was mainly due to increased docetaxel tumour concentration; however, we demonstrated a small but significant anti-tumour effect of ritonavir addition (p value <0.001). In conclusion, we showed that the increased anti-tumour effect observed when docetaxel is combined with ritonavir is mainly caused by enhanced docetaxel tumour concentration and to a minor extent by a direct anti-tumour effect of ritonavir.
INTRODUCTION
Docetaxel is widely used as an anti-cancer agent for several types of cancer, such as lung, breast, gastric and prostate cancer (1) . It acts by the inhibition of cell mitosis (1) . Oral administration of docetaxel could be a convenient treatment option for patients (2) . An oral formulation of docetaxel has been successfully developed in our group (3).
One major limitation for oral administration of docetaxel is its low bioavailability due to its transport by P-glycoprotein (Pgp) and presystemic metabolism by Cytochrome P450 (CYP) 3A (2, 4) . Ritonavir is an HIV protease inhibitor and also a strong CYP3A4 inhibitor (5) . It has been reported that co-administration of ritonavir with docetaxel in both mice and humans results in enhanced docetaxel plasma exposure (6, 7) . Phase I trials conducted with oral docetaxel and ritonavir proved the feasibility of co-administration (8, 9) .
In addition to its function as exposure booster, ritonavir has been suggested to have anti-cancer effect on its own. It has been reported to cause DNA damage and cell death in human endothelial cells (10) . In prostate cancer cells, ritonavir was suggested to inhibit DNA binding activity of nuclear factor κB, which is a contributor to drug resistance (11) . It has also been reported that ritonavir contributed to anti-cancer effects in mouse and human lymphoma (12) (13) (14) , human head and neck carcinoma (15) , and human breast cancer (16) models.
In order to explore whether ritonavir co-administration increased anti-cancer efficacy of docetaxel, we performed a study with host mice lacking Cyp3a and orthotopically implanted syngeneic breast tumour tissue with inherent Cyp3a expression (17) . The results illustrated that, as expected, administration of docetaxel showed a strong anti-tumour effect. Furthermore, co-administration of ritonavir significantly prolonged survival and substantially reduced average tumour size compared to that of the docetaxel only-treated mice. This might be explained by increased docetaxel concentration in tumour by Cyp3a inhibition, but, ritonavir may also have a direct antitumour effect itself. However, ritonavir treatment alone showed no significant effect.
Previously, we have successfully applied pharmacokinetic (PK) modelling in description of oral docetaxel exposure and translation of docetaxel exposure from mice to human (18) . Besides, a number of tumour growth inhibition models were successfully applied to explore the characteristics of tumour growth and inhibitory effect of anti-cancer drugs by PKpharmacodynamics (PD) modelling (19) . Accordingly, the aim of this study was to develop a PK-PD model based on the data from a previously performed mouse study to further evaluate and quantify the effects of ritonavir on docetaxel concentration in both plasma and tumour and the antitumour effects of docetaxel.
METHODS

Mice Study
Seventy female Cyp3a knockout (Cyp3a −/− ) mice, with body weight around 25 g, were implanted with small tumour pieces (1-2 mm) derived from the K14cre;Brca1 F/F ;p53 F/F mouse model (20) for hereditary breast cancer. The implanted tumours had Cyp3a expression. Treatment was started (day 1) when the tumours reached a volume of~200 mm 3 and lasted for 3 weeks unless the mice were sacrificed earlier (when tumours reached a volume of~1500 mm 3 ). All mice were divided randomly over four groups. Group I was not treated and used as control for tumour growth (control group, n=20). Group II was treated with ritonavir (ritonavir only-treated group, n = 20), group III was treated with docetaxel (docetaxel only-treated group, n=30), and group IV was treated with both docetaxel and ritonavir (co-treated group, n=30).
Docetaxel was administered intravenously at dose of 20 mg/kg once a week, while ritonavir was administered orally at dose of 12.5 mg/kg for five subsequent days per week. Both docetaxel and ritonavir were purchased from Sequoia Research Products (Oxford, UK). As long as tumours were below~1500 mm 3 , plasma and tumour samples were collected for PK analysis on days 2, 9 and 16 (n=5 for each sampling time). All samples were taken at approximately 24 h after docetaxel administration. Tumour volumes were measured daily in all groups. The observed PK and PD data is shown in Fig. 1 . Besides, histological analysis and expression of Cyp3a, Mdr1a/b and Bcrp were also monitored in the tumour. For a more detailed description of this study, we refer to (17) .
The available concentration and tumour volume data used for model development is summarized in Table I .
Structural Model Development
Naïve pooling was applied for docetaxel plasma concentration and ritonavir tumour concentration, while docetaxel tumour concentration and tumour volumes used population method (Table I) .
PK model and PK/PD model were performed sequentially using the PPP&D (Population PK Parameters and Data) method (21) .
PK Model
A previously established two-compartment model structure was used for docetaxel plasma PK (18) . Due to a lack of informative PK sampling in the current study, intercompartment clearance (Qi DOC ) and volume of distribution of peripheral compartment (Vp DOC ) were fixed according to previously established values (18) . Docetaxel tumour concentrations were described with a separate compartment with a first-order absorption rate from the central compartment into the tumour compartment (KaT DOC ), and with a first-order elimination rate from tumour (KeT DOC ). Contribution of the tumour compartment to the total drug exposure was assumed to be negligible. Ritonavir plasma concentrations were below limit of quantification at the sampling time points in the current study. Therefore, ritonavir systemic PK was fixed with a onecompartment model similar as used in a previous study (18) . Measured tumour ritonavir concentrations were modelled analogously to docetaxel. Furthermore, the tumour PK of ritonavir was assumed to be the same in the ritonavir onlytreated group and the co-treated group (Table I) .
Although host mice were Cyp3a −/− , it was hypothesized that ritonavir might still have an influence on docetaxel plasma PK. This was explored by including a ritonavir effect on docetaxel clearance as described by Eq. 1.
In which CL DOC+RTV represents systemic clearance of docetaxel in the co-treated group; CL DOC represents systemic clearance in the docetaxel only-treated group; and E RTV represents the difference between systemic clearance of docetaxel in the co-treated group and that of the docetaxel only-treated group.
The tumour PK of both docetaxel as ritonavir was only measured at the early phase of treatment (on days 2, 9 and 16). In the co-treated group, the inhibition of docetaxel tumour metabolism by ritonavir was expected to relate to ritonavir tumour concentrations. As tumour PK was considered to be the driver of anti-cancer effect, description of the full tumour PK curve (including the time period after treatment) was necessary. Therefore, assumptions were needed to describe the PK over the full observation period. It was assumed that ritonavir inhibited docetaxel tumour elimination by a concentration-dependent direct effect as described in Eq. 2 (22) .
In which KeT DOC+RTV represents the elimination rate constant of docetaxel from the tumour in the co-treated group; KeT DOC represents the elimination rate constant of docetaxel from the tumour in the docetaxel only-treated group; C RT V, t u m o u r represents ritonavir tumour concentration; and IC50 RTV represents ritonavir tumour concentration that inhibits half of Cyp3a enzymes. The value of IC50 RTV was fixed according to the literature value as 2.5 ng/g (23) .
PK/PD Model
Non-perturbed tumour growth in the untreated mice was described by an exponential net tumour growth rate (Kg0) upon the complete tumour size. In the docetaxel-treated DOC docetaxel, RTV ritonavir mice, it was considered that the tumour growth rate might increase over time, which was described by Eq. 3:
In which Kg represented the net tumour growth rate in the docetaxel-treated groups; Kg0 represents the net tumour growth rate in the untreated groups; and LAMBDA represents the rate of increase in tumour growth over time in the docetaxel-treated groups.
Docetaxel anti-tumour effect was described by a delayed effect through an effect compartment. This assumed that tumour cells were killed related to the docetaxel tumour concentration using a delayed effect described by a transit compartment (Eq. 4):
In which C DOC,tumour represents docetaxel tumour concentration; EC50 D OC represents docetaxel tumour concentration with 50% of maximum tumour anti-tumour effect; and KK DOC represents the first-order transition rate of tumour cells to the effect compartment.
These cells in the transit compartment were eventually eliminated by an elimination rate (KKe DOC ). Both KK DOC and KKe DOC were first-order rate constants.
In the first step, the aforementioned docetaxel effect parameters were estimated based on data from the docetaxel only-treated and the control group. In the second step, these parameter estimates were used to predict tumour volume profile in the co-treated group taking only the increased docetaxel tumour concentrations as a result of coadministration of ritonavir into account. Subsequently, it was explored whether ritonavir had an additional effect on tumour growth independent from the increased docetaxel tumour concentrations.
Statistical Model Development
Between-subject variability (BSV) was modelled using an exponential distribution according to (Eq. 5).
Fig. 2. Schematic structure of pharmacokinetic-pharmacodynamic model. C, concentration; CL, clearance; DOC, docetaxel; EC50 DOC , docetaxel tumour concentration with 50% of maximum anti-cancer effect; E RTV , difference between clearance of combined treatment group and single treatment group; IC50 RTV , ritonavir tumour concentration inhibiting half of Cyp3a enzymes in tumour; KA, absorption rate in central compartment; KaT, absorption rate in tumour; KeT, elimination rate in tumour; Kg, net growth rate in treated groups; Kg0, net growth rate in untreated groups; KK, cell transition rate to effect compartment; KKe, cell elimination from effect compartment; Qi, inter-compartment clearance; RTV, ritonavir; Vc, volume of distribution of central compartment; Vp, volume distribution of peripheral compartment
Where P i represents the individual parameter estimate for individual i, P represents the typical population parameter estimate and η i the BSV effect distributed following N (0, ω 2 ). BSV was evaluated for PK model on KaT DOC and for PK/PD model on baseline tumour volume.
Residual errors were described by proportional error model for PK and PK/PD models (Eq. 6).
Where C obs,ij or C pred,ij represents, for the ith subject and the jth measurement, the observation or prediction. Proportional error ε p,ij was assumed distributed following N (0, σ 2 ). The residual error for tumour concentration of docetaxel was fixed to 15% as reported in bioanalytical study of docetaxel (17, 24) .
Model Evaluation
Models were required to have successful minimization and covariance steps. Different models were evaluated based on the stability, plausibility and precision of parameter estimates, goodness-of-fit (GOF) plots and drop of objective function value (OFV) with significance level of p<0.01 (degree of freedom (df)=1, dOFV >6.63; df=2, dOFV >9.21) for hierarchical models.
For PK models, GOF plots were conducted as graphical model assessment. For PK/PD models, a visual predictive check (VPC) was performed with upper limit of quantification set as 1500 mm 3 (n=1000). In order to circumvent the bias due to right censoring at 1500 mm 3 , median of observation in evaluation plotting was presented before the time when the first mouse was sacrificed (tumour volume >1500 mm 3 ) for each study group respectively.
A sensitivity analysis was conducted to test whether the assumed value for IC50 RTV has a large influence on final outcome. Therefore, a sensitivity test on fixation of IC50 RTV was performed with ±50% difference from the fixed IC50 RTV parameter (2.5 ng/g) in the docetaxel PK model.
Software
Model estimation was performed in NONMEM (version 7.3.0) (25) using first-order conditional estimation with interaction as estimation method. Piraña was used as graphical interface (26) , and R (version 3.0.3) was used for preprocessing of the data and plotting (27) . Besides, the NONMEM toolkit psn (28) and the R-package Xpose (29) were used.
RESULTS
Model Development
The final PK/PD model is schematically shown in Fig. 2 . The following sections present the model building stepwise.
PK Model
Parameter estimates for the PK model of docetaxel and ritonavir are presented in Table II . E RTV was estimated as 0.918 (relative standard error (RSE) 0.4%). This indicated that there was~8% lowered docetaxel systemic clearance in the Cyp3a −/− host in the co-treated group than that in the docetaxel only-treated group. Based on parameter estimates of the PK model, docetaxel concentration in tumour tissues was increased by ritonavir with a mean area under the concentration-time curve 2.5-fold higher than that of the docetaxel only-treated group. 
PK/PD Model
Introduction of the LAMBDA term to account for an increased tumour growth rate over time resulted in a dramatic model improvement (dOFV=36, p value <0.001). Parameter estimates for the untreated and the docetaxel onlytreated groups are listed in Table IIIA. Subsequently, these parameters were used to predict the tumour growth profiles in the co-treated group. As can be observed in Fig. 3a , this resulted in a slight underestimation of the time to tumour re-growth in the co-treated group. Also in early phases of treatment, the anti-tumour effect was underestimated. This indicated that the enhanced anticancer effect in the co-treated group, compared to the docetaxel only-treatment, cannot be fully explained by the increased docetaxel tumour concentrations alone.
Accordingly, a potential ritonavir anti-cancer effect was modelled analogously to that of docetaxel (Fig. 2) . Inclusion of this effect of ritonavir resulted in drop of OFV of 59 points (p value <0.001). Bias in the model predictions of the cotreated group disappeared by inclusion of this effect (Fig. 3b) .
The parameter estimates of the final model are listed in Table IIIB . Non-perturbed tumour growth was estimated with Kg0 of 1.32 week −1 . This rate exponentially increased with a rate as 0.06 week −1 in the docetaxel-treated groups. Docetaxel inhibited tumour growth with EC50 DOC of 310 ng/g by tumour PK.
Model Evaluation
The GOF plots showed that the developed final PK model adequately described the observed data (Fig. 4) . In Fig. 5 , VPC exhibited the simulated model prediction versus the observed tumour volumes for each mice group. This visual check suggested that the final PK/PD model, considering both ritonavir effect on docetaxel metabolism inhibition and anti-cancer effect, sufficiently captured the observed tumour growth profile in all mice groups.
Sensitivity test on ±50% of fixation of IC50 RTV in docetaxel PK model suggested no influence on the evidence of the anti-cancer effect of ritonavir. There was no obvious change in the prediction of tumour volume profile according to the sensitivity test.
DISCUSSION
In this study, the complex pharmacokinetic interaction between docetaxel and ritonavir and the effects of this interaction on tumour growth were quantified using PK/PD modelling. This study illustrated a useful application of a modelling approach to elaborating on previous observations. We confirmed and quantified the previous finding that ritonavir inhibits docetaxel metabolism and functions as an exposure booster. Subsequently, a tumour growth inhibition model was developed which showed that the extended tumour growth inhibition observed when combining docetaxel with ritonavir was mainly caused by increased docetaxel concentration in tumour but also by a small yet significant anti-tumour effect of ritonavir itself.
The PK interaction between ritonavir and docetaxel was studied both in the systemic circulation and in the tumour. Although the host mice in this study were Cyp3a −/− , ritonavir showed a small effect on docetaxel systemic clearance. This could be attributed to the fact that in addition to CYP3A, ritonavir also inhibits other metabolizing enzymes or drug transporters which may influence docetaxel systemic exposure (4). However, the effect of ritonavir is based only In the tumour, ritonavir inhibitory effect on docetaxel metabolism was only considered on ritonavir Cyp3a inhibition because Cyp3a is by far the most dominant metabolic enzyme for docetaxel (30) and ritonavir is a very potent CYP3A inhibitor (5) . One important assumption that has been made in the current study was the use of a literature value for the inhibition of docetaxel metabolism by ritonavir (IC50 RTV ). This is because the tumour PK data did not support the estimation of this important parameter. The choice of IC50 RTV from the literature was based on two reasons. One was that we observed a continuous increase in docetaxel tumour concentrations during co-treatment ( Fig. 1 ) (17) . This phenomenon suggested a potent Cyp3a inhibition by ritonavir in tumour with a relatively low IC50 RTV . The other reason was that the use of a relatively high IC50 RTV would have resulted in a reduction of estimated docetaxel tumour concentrations in the co-treated group, which may increase the possibility of a type I error in finding a potential ritonavir anti-cancer effect. Accordingly, we have fixed the IC50 RTV to the lowest literature data retrieved (23) . A sensitivity test with ±50% difference in IC50 RTV confirmed the robustness of our findings.
Tumour growth inhibition models for docetaxel were built in order to quantify the relationship between docetaxel tumour concentration and its anti-cancer effect. A delayed anti-cancer effect of docetaxel provided an adequate fit of the observations. This could be explained by the fact that docetaxel inhibits tumour cells during cell division (1) after which the cells go into apoptosis. In addition, model fit of the tumour growth inhibition model enormously improved after Fig. 4 . Goodness-of-fit (GOF) plots for docetaxel in system, and for docetaxel and ritonavir in tumour, respectively. CWRES, conditional weighted residuals; DV, observed concentration; IPRED, individual predicted concentration; PRED, population predicted concentration. Observed data was originally published in (17) the introduction of a term describing an increased tumour growth rate over time. A physiological basis for this could be that cells with less proliferative capacity were relatively prone to be killed by docetaxel, leaving more proliferative tumour cells re-grow with a faster growth rate. Besides, a previous report mentioned that the EC 50 of docetaxel in the BRCA2-deficient or BRCA2-proficient mouse mammary tumour cell lines ranged from 0.2 to 1.2 ng/mL (0.23-1.53 nM) (31) . Our finding in the orthotopically transplanted syngeneic mammary tumours derived from K14cre;Brca1 F/F ;p53 F/F mice confirmed that docetaxel showed a very potent anti-cancer efficacy in vivo. The observed docetaxel tumour concentration was up to 30,000 ng/g (Fig. 1) , compared to which the estimate of EC50 DOC from the final model (310 ng/g) was in the lower end of the range of observed docetaxel tumour concentration.
We observed a small anti-cancer effect of ritonavir. The mechanism of this effect was explored previously. As mentioned in the BINTRODUCTION^section, ritonavir may cause DNA damage in human endothelial cells (10) . Gaedicke et al. suggested that ritonavir induced significant tumour growth inhibition in mouse lymphoma, which may be associated with perturbation of proteasomal protein degradation (12) . Besides, ritonavir was reported to improve the anti-tumour response co-treated with ionizing radiation in mouse HEP-2 head and neck carcinoma model (15) . The effect of the co-treatment could be due to a synergistic effect of enhanced radiation-induced apoptosis and anti-angiogenesis. It was also found that ritonavir inhibits breast cancer growth in part by inhibiting heat shock protein 90 substrates (16) . With a mathematical approach, the current model also found an anti-cancer effect of ritonavir when co-administered with docetaxel. However, whether this anti-cancer effect is additive or synergistic to the tumour inhibitory effect of docetaxel remains unclear. Our model assumed an additive anti-cancer effect of ritonavir (Fig. 2) , which adequately described the observation of both the ritonavir only-treated group and the co-treated group.
The current work not only quantified the tumour growth parameters from the previous study but could be a basis to instruct further study design. For instance, subsequent studies might focus on collecting tumour PK samples after treatment for the estimation of the important parameter-IC50 RTV . Besides, the tumour inhibitory effect of ritonavir could be further explored by the studies with treatment started at a lower tumour volume than 200 mm 3 or higher ritonavir dose levels than 12.5 mg/kg. PK/PD modelling based on these Observed data was originally published in (17) studies could be a powerful tool to find the best dosing regimen for the combined administration of both compounds. Ultimately, these data could be used to further optimize the application of the combined treatment of docetaxel and ritonavir in humans, which is currently in clinical development (9, (32) (33) (34) .
CONCLUSION
A PK/PD model has been successfully developed describing the complex interaction between docetaxel and ritonavir when co-administered in a mouse model for hereditary breast cancer. We showed that the increased tumour growth inhibition observed in the co-treatment of docetaxel with ritonavir is mainly caused by boosting the docetaxel concentration in tumour and to a minor extent by a direct tumour growth inhibitory effect of ritonavir.
